1. Introduction {#Section1}
===============

Cancer is one of the most crucial public health problems in both developed and developing countries and it represents the second leading cause of deaths worldwide [@B1], [@B2], with approximately 14 million new cases and 8.2 million cancer related deaths in 2012 [@B3]. Regardless of whether a particular cancer results from genetic mutation or viral and bacterial infection, accumulating research evidence suggests that most cancers are caused by dysfunction of many genes coding for proteins such as anti-apoptotic proteins, inhibitors of apoptosis, transcriptional factors, growth factors, growth factor receptors and tumor suppressors; which constituted the targets for cancer treatment [@B4].

Current treatment options based on synthetic drugs/chemotherapy have limited therapeutic success in cancer; because they are highly toxic, expensive, and alter the functioning of cell signaling pathways [@B5]. In the past decade, several drugs have been developed that specifically block a single target in cancer cells. One such example of these drugs includes monoclonal antibodies that kill the cancer cells by specifically binding to the extracellular domains of receptor tyrosine kinase (RTKs), thereby preventing the endogenous ligand from binding and activating the receptor [@B6]-[@B10]. Recent evidence showed that emergence of secondary drug resistance has become one of the major limitations of these drugs [@B11]-[@B14]. As cancer development is a multi-step process which begins with initiation, followed by promotion and progression and characterized by multiple abnormalities rather than a single mutation, it is unlikely that a single target agent will effectively inhibit cancer growth [@B6], [@B15]. Cancer chemoprevention by natural compounds, especially phytochemicals, minerals and vitamins has emerged as a promising and pragmatic approach to reduce the burden of cancer and is gaining increasing attention because it is safe and cost effective alternative to cancer treatment [@B4], [@B16], [@B17]. Unlike pharmaceutical drugs that act as monotarget molecules, medicinal plants have multitarget molecules that can regulate the cancer growth and its progression [@B5].

Plants have a long history of use in the treatment of various ailments and provide an extensive reservoir of natural products, demonstrating outstanding structural diversity and offer a wide variety of novel and exciting chemical entities [@B4], [@B18], [@B19], [@B20]. The importance of natural products in health care can be estimated by a report of World Health Organization that approximately 80% of global population still relies on plant derived medicines for their primary health care. It is reported that 50% of all drugs in clinical use and 74% of the most important drugs are derived from natural sources [@B4], [@B21]. At present, more than 60% commercially available anticancer drugs are derived from natural sources including plants, marine organisms and micro-organisms [@B18], [@B22]. Recent research has shown that more consumption of vegetables and fruits can prevent 20% incident of cancer and about 200,000 cancer related deaths annually [@B24]. Extracts of plants have long been used in the treatment of cancer and there are more than 3000 plant species that have reportedly been used in the treatment of cancer [@B16], [@B18]. There is a continued interest in the investigation of plant extracts for anticancer drug development because of four main reasons. First, plants often produce bioactive compounds that exceed the current capacity of synthetic chemistry [@B25], [@B26]. Second, natural anticancer compounds fit into mechanism-based approach as perfectly as a hand fits into a glove. There is solid evidence that phytochemicals inhibit cancer by interfering with multiple mechanisms which are central to cancer progression [@B4], [@B27]. Third, there exists about 2.5 to 5.0 million plants species on earth and only about 10% have been thoroughly studied for their potential values as source of drugs [@B28], [@B29]. Thus identification of novel structures and understanding their molecular mechanisms will contribute to the faster and more specific strategies for the development of successful therapies. Fourth, natural compounds are already being used in cancer treatment and their popularity in cancer treatment appears to be growing rather than declining [@B30].

Although there are some new approaches to drug discovery, such as combinatorial chemistry and computer-based molecular modeling design, none of them can replace the importance of natural products in drug discovery and development. Indeed bioactive compounds isolated from natural products have played, and continue to play, a dominant role in the discovery of highly effective conventional drugs for the treatment of various cancers [@B4], [@B31], [@B32]. The aim of this review is to summarize the current knowledge and discuss the natural sources, anticancer activity, molecular targets, mechanisms of action and usefulness of a natural bioactive compound, "Icariside II " in anticancer drug development. Icariside II is a flavonol glycoside which has been isolated from various plant species and exhibits a broad-spectrum of anticancer activity against various human cancer cell lines of different origin both *in vitro* and *in vivo* through interfering with multiple signaling pathways which are considered to be crucial and central to cancer development and metastasis. The anticancer activity and molecular targets of Icariside II in various cancer cell lines are summarized in Table [1](#T1){ref-type="table"}.

2. Natural Sources {#Section2}
==================

Icariside II, a flavonol glycoside, also knowns as Baohuoside I (Figure [1](#F1){ref-type="fig"}) is one of the major components of *Herba epimedii*[@B40] and *Cortex periplocae* [@B43] which are Traditional Chinese Medicines. *Herba epimedii* which is called as Yin Yanghuo in Chinese and Horny Goat Weed in English, is the common name of dried aerial parts of *Epimedium*species such as *E.brevicornum*, *E. sagittatum* Maxim, *E. koreanum* Nakai, *E. pubescens*Maxim, and *E.devidii*[@B40], [@B46].*Herba epimedii* exhibits a broad-spectrum of biological and pharmacological properties including anticancer activity and has traditionally been used for cardiovascular diseases, osteoporosis, and for improving sexual and neurological functions for many years in China [@B46].

*Cortex periplocae* which is called as Xiang Jia Pi in Chinese is made up of dry roots of Chinese herb *Periploca sepium* Bunge. *Cortex periplocae* is a Traditional Chinese Medicine which is commonly used for a variety of clinical effects including inflammation, enhancing bone and muscles and stimulating nervous system [@B43], [@B47].

Several research reports indicate that Icariside II is a metabolite of Icariin [@B36], [@B38], [@B40] and can also be prepared from Icariin by enzymatic hydrolysis [@B40], [@B42], [@B48]. Other studies showed that Icariin is converted into several metabolites *in vivo*, including Icariside I, Icariside II, icaritin, and desmethylicaritin [@B49], [@B50], [@B51]. The chemical structure of Icariside II has been shown in Figure [1](#F1){ref-type="fig"}. The parent compound Icariin contains rhamnosyl, glucosyl, and methoxy group at positions 1, 2, and 3 respectively. Deglycosylation or demethylation of Icariin results in various metabolites. For example, removal of glucose residue from Icariin results in Icariside II while removal of rhamnose residue results in Icariside I. Deglycosylation of Icariin at position 1 & 2 results in icaritin while icaritin is demethylated to desmethylicaritin [@B52]. Icariin has also been reported to exhibit anticancer activity against various cancer cell lines. It mainly induced apoptosis via ROS generation and inhibiting NF-КB translocation into nucleus [@B53], [@B54]. Chemical profile of Icariin treated animals demonstrated that Icariside II is the major pharmacological active form of Icariin *in vivo* [@B50], [@B52], [@B55]. Therefore, Icariside II has been extensively studied for its antitumor properties.

3. Targeting Apoptosis pathways in Cancer with Icariside II {#Section3}
===========================================================

Apoptosis is extremely synchronized mode of cell death during which a series of intracellular events come into play to decommission the unwanted or dangerous cells [@B56]-[@B58]. Apoptosis is of widespread biological significance playing vital roles in development, homoeostasis, differentiation, regulation and functioning of the immune system, as well as the removal of defective, unwanted or harmful cells [@B58], [@B59]. Apoptosis is a necessary mechanism complementary to proliferation that has been recognized to play a key role in maintenance of tissue homeostasis by selective elimination of damaged or unwanted cells [@B60], [@B61]. The homeostasis in adult organs is maintained by a strict balance between apoptosis and cell proliferation. The disruption of apoptosis is implicated in tumors development, neurodegeneration and auto-immune diseases [@B57], [@B61].

It is well established that apoptosis can occur via two distinct pathways: the extrinsic or death receptor pathway and intrinsic or mitochondrial pathway, depending on stimulus. The extrinsic pathways is triggered by the activation and ligation of cell surface receptors (death receptors) of the tumor necrosis factor (TNF) receptor superfamily, such as fibroblast associated antigen (Fas/CD95) or TNF-related apoptosis-inducing ligand (TRAIL) receptors. The intrinsic pathway is triggered by a variety of extra- and intra-cellular stresses such as oxidative stress, irradiation, DNA damaging agents, chemotherapeutic drugs and growth factors depletion. Both pathways cause the activation of the initiator caspases, which then activate effector caspases. The effector caspases are the main executioner of apoptosis [@B58], [@B61], [@B62].

It is reported that many tumor promoters inhibit apoptosis [@B63]. Inhibition of apoptosis leads to tumor development and chemoresistance. Activation of apoptosis in cancer cells is thus considered as one of the most promising strategies in cancer therapy [@B63]-[@B65]. Since apoptotic programs can be manipulated to produce massive changes in cell death, the genes and proteins involved in apoptosis are potential drug targets. With the identification of an increasing number of molecular targets associated with programmed cell death, the identification of novel therapeutic agents capable of apoptosis regulation in cancer cells has been the focus of modern anticancer drug discovery [@B66]. It is currently accepted that natural compounds that have been approved for the clinical use in the treatment of cancer, inhibit the growth of cancer cells by inducing apoptosis through one or more than one mechanisms [@B22], [@B67], [@B68]. Recently, Icariside II has been extensively studied and found to exhibit a broad-spectrum of cytotoxicity against multiple cancer types both *in vitro* and *in vivo* via induction of apoptosis through various apoptotic pathways including extrinsic as well as intrinsic pathways [@B33]-[@B45]. The molecular targets of Icariside II have been represented in Figure [2](#F2){ref-type="fig"}. The review will further discuss the mechanisms of action by which Icariside II acts on apoptosis pathways in various types of cancer cells which have been characterized till now.

Icariside II is a flavonol glycoside. Flavonols are polyphenolic compounds widely distributed in plants and occur as aglycones or glycosides [@B69], [@B70]. They act as anti-oxidant as well as pro-oxidant [@B70], [@B71] and are known as receptor tyrosine kinase (RTK) inhibitors [@B72]. Quercetin and kaempferol are two major naturally occurring flavonol compounds. The anticancer activity of both these compounds is well documented. Both these compounds have been reported to inhibit growth and induce apoptosis in a variety of human cancer cells through various distinct mechanisms including ROS generation, tyrosine kinase inhibition and cell cycle arrest [@B71], [@B73]. Quercetin was the first tyrosine kinase inhibitor tested in human phase-1 trail [@B69], [@B74]. Bloking the EGFR signaling pathway by quercetin [@B75] and Icariside II [@B42] resulted in a significant growth inhibition in A431 cells via the induction of apoptosis. Lee et al., (2010) showed that occurrence, position, and type of sugar moieties play important role in anti-oxidant and anticancer activity of flavonoids. For example, the growth inhibitory effect of quercetin 3-glycoside was significantly higher in Caco-2 cells as compared to quercetin or quercetin 4-glycoside. Similarly, a greater growth inhibition by quercetin 3-glycoside than quercetin 3-rutinoside has been observed in breast cancer cells [@B70]. However, no data is available to highlight the importance of rhamnose residue in Icariside II. Like other well known anticancer flavonols (quercetin and kaempferol), Icariside II seems to hold its anticancer effects through induction of apoptosis via ROS generation, blocking receptor tyrosine kinase (EGFR)-induced signaling and cell cycle arrest.

3.1. Targeting Cancer Cells by Mitochondrial Mediated Apoptosis {#Section3.1}
---------------------------------------------------------------

It is well established that mitochondria play an important role in the regulation of cell proliferation and apoptosis [@B76]. Mitochondria have become an important component of the apoptosis execution machinery [@B56]. Unlike the extrinsic pathway, the intrinsic or mitochondrial pathway is mediated by down-regulation of Bcl-2 or Bcl-XL and translocation and insertion of Bax/Bak into mitochondrial membrane. The modulation of Bcl-2 family proteins results in dissipation of mitochondrial membrane potential (MMP) and subsequent release of many pro-apoptotic proteins such as cytochrome c, apoptosis inducing factor (AIF), and second mitochondrial activator of caspases (Smac/DIABLO) from the mitochondrial inter-membrane space into the cytosol. Cytochrome c, once released into the cytosol, interacts with apoptotic protease activating factor-1 (Apaf-1), leading to the activation of caspase-9. Active caspase-9 then activates caspase-3, which in turn leads to the degradation of vital cellular proteins and thus apoptosis. Smac/DIABLO promotes caspases activation through neutralizing the inhibitory effects of inhibitor of apoptosis proteins such as xiap and survivin while AIF and Endo G induce caspase-independent apoptosis by directly inducing DNA damage and condensation [@B77], [@B78] .

Several reports indicate that the effect of Icariside II has been examined in many cancers including lung cancer, breast cancer, prostate cancer, melanoma, osteosarcoma, multiple myeloma, epidermoid carcinoma, esophageal carcinoma and acute myeloid leukemia [@B33]-[@B45]. Icariside II has been shown to induce apoptosis in A549 lung adenocarcinoma [@B33], MCF breast carcinoma [@B41], A375 human melanoma [@B39] and PC-3 prostate cancer cells [@B36] through mitochondrial pathway. Icariside II has significantly reduced MMP and increased the expression of cleaved caspase-3 and PARP in A549, MCF and PC-3 cells [@B33], [@B36], [@B41]. Icariside II also modulated the expression of Bcl-2 family proteins in A549 and MCF-7 cells. Huang et al., (2012) found that Icariside II effectively induced caspase-independent apoptosis by releasing AIF from mitochondria into nucleus in MCF-7 cells [@B41].

Based on available data, it appears that in cancerous cells Icariside II interacts directly or indirectly with Bcl-2 family proteins. Modulation of Bcl-2 family proteins leads to the opening of mitochondrial permeability transition pores (PTP). The opening of PTP leads to the release of cytochrome c and other pro-apoptotic molecules such as AIF. Cytochrome c binds and activates caspase-9 which then activates the effector caspase-3 which ultimately executes the mitochondrial caspase-dependent apoptosis. While AIF is translocated into nucleus where it induces DNA damage which leads to caspase-independent apoptosis.

3.2. Targeting Cancer Cells by ROS Mediated Apoptosis {#Section3.2}
-----------------------------------------------------

Reactive oxygen species (ROS) has been shown to play vital role in different cellular processes such as proliferation, gene expression, and differentiation. It has now been widely accepted that intracellular ROS generation play important role in cancer cells apoptosis. Reactive oxygen species are produced inside the cells during normal physiological processes of the cells which are being neutralized by the anti-oxidant system of the cells. A precise balance between ROS production and anti-oxidant system\'s ability to scavenge ROS is critical for normal cellular functions. Over production of ROS results in oxidative damage including; lipid peroxidation, protein oxidation and DNA damage. In addition, ROS are known to act as second messengers to activate diverse redox-sensitive signaling cascades including mitochondrial intrinsic apoptotic cascade through interaction with Bcl-2 family proteins, MAPK family member p38 and its downstream transcription factors. Other studies have shown that ROS eliminate cancer cells by arresting the cell cycle at various check points and thereby inducing apoptosis [@B79]-[@B82].

An increasing body of literature evidence indicated that phytochemical targeting ROS metabolism can selectively kill cancer cells [@B79], [@B83]. Icariside II has been shown to induce ROS-mediated apoptosis in A375 melanoma as well as A549 lung cancer cells. In A375 melanoma cells, Icariside II induced G0/G1 and G2/M phase cell cycle arrest and apoptotic cell death. This effect was mediated through Icariside II activated ROS-p38-p53 signaling pathway. These effects were confirmed by using specific inhibitors of ROS, p38, and p53 [@B39]. While in A549 lung cancer cells, the apoptotic effects of Icariside II has been associated with activation of ROS downstream effectors, p38 MPAK, and JNK. Pretreatment of cells with NAC (ROS inhibitors), SB203580 (p38 inhibitor) and SP600125 (JNK inhibitor) effectively abrogated the apoptotic effects of Icariside II, indicating the potential involvement of ROS/MAPK pathway in Icariside II -mediated apoptosis in A549 cells. NAC supplementation not only diminished apoptotic effect of Icariside II but also reduced the phosphorylation of p38 and JNK. The data is evident that Icariside II is a potential phytochemical that targets cancer cells through ROS generation [@B33].

3.3. Targeting cancer cells by Death Receptor Mediated apoptosis {#Section3.3}
----------------------------------------------------------------

The extrinsic pathways is triggered by the activation and ligation of cell surface receptors (death receptors) of the tumor necrosis factor (TNF) receptor superfamily, such as fibroblast associated antigen (Fas) also called CD95 or TNF-related apoptosis-inducing ligand (TRAIL) receptors [@B58]. Upon ligand binding, the receptors interact with Fas associated death domain (FADD) and procaspase-8 to form death inducing signaling complex (DISC). Within this complex, FADD recruits procaspase‑8, which becomes activated. Activated caspase-8 then directly activates the downstream effector caspase-3, resulting in cell death via the type I extrinsic apoptotic pathway, or cleaves Bid, a pro-apoptotic member of the Bcl-2 family, leading to activation of the type II extrinsic apoptotic pathway [@B84], [@B85].

Icariside II also has a stimulatory effect on the extrinsic apoptotic pathway. Icariside II has been shown to increase the level of Fas, and FADD without changing the expression of Daxx, another Fas binding protein that induces apoptosis via JNK pathway in MCF-7 breast cancer cells. Moreover, Icariside II treatment significantly induced cleavage of caspase-8, caspase-3 and PARP which are characteristic features of apoptotic cell death. Based on available data, it can be concluded that Icariside II induced apoptosis by stimulating Fas/FADD/caspase-8 extrinsic pathway. Moreover, this Icariside II -mediated apoptosis in MCF-7 breast cancer cells appears to occur via the type I extrinsic apoptotic pathway as evident by the absence of truncated Bid (tBid) [@B41].

3.4. Targeting Cancer Cells by Cell Cycle Mediated Apoptosis {#Section3.4}
------------------------------------------------------------

Cell cycle control is the major regulatory process of cell growth. Cell cycle is regulated at various checkpoints by a coordinated interaction of a variety of cyclins with their respective cyclin-dependent kinases (CDKs) to form active complexes and these checkpoints ensure that processes at each stage of the cell cycle have been accurately completed before progression into next phase [@B86]. Moreover, the activity of CDKs is negatively regulated by a variety of cyclin-dependent kinases inhibitors (CDKIs), of which p21 has been shown to play a major role in regulating the cell cycle at various checkpoints [@B86], [@B87]. Checkpoint failure often causes mutations and genomic arrangements resulting in genetic instability which is the major cause of cancer development [@B4], [@B88]. With the identification of increasing number of CDKs associated with cell cycle checkpoints, the identification of novel natural compounds capable of selective inhibition of these kinases present a potential attractive strategy to tumor therapy. Accumulating evidence suggests that many anticancer agents arrest the cell cycle at a particular checkpoint and thereby induce apoptosis in cancer cells [@B89], [@B90].

Icariside II has been reported to arrest the cell cycle in different cells at G0/G1 and G2/M phases through interaction with various cyclins and CDKs [@B39], [@B91]. In human T cells, it has been shown to arrest the cell cycle at G1-S phase transition by down-regulating the protein expression of cyclin A, D and p33cdk2 proteins [@B91]. In A375 human melanoma cells, Icariside II was found to arrest the cell cycle at G0/G1 and G2/M phases. The induction of cell cycle arrest at G0/G1 phase was found to be associated with decreased expression of Cyclin E/CDK2 complex while at G2/M phase with decreased expression of Cyclin B1/CDC2 complex. These effects were mediated by p53 through its downstream activator p21 [@B39].

4. Targeting Cancer Cells by Regulating Multiple Signaling Pathways and Transcription Factors {#Section4}
=============================================================================================

Cancer development is a multi-step process which is characterized by multiple abnormalities rather than a single mutation; it is therefore, unlikely to achieve therapeutic window by using single target therapy [@B6], [@B15]. Targeting multiple signaling pathways in cancer may therefore be a successful treatment option. Targeting various signaling pathways in cancer may reduce the chances of drug resistance which has become the major drawback of most of the anticancer drugs that are designed to specifically block a particular signaling pathway.

Epidermal growth factor receptor (EGFR/HER1) is abnormally expressed in various cancers and its expression is correlated with poor clinical prognosis [@B92]. Upon ligand binding (such as EGF, TGF-β), EGFR becomes activated. Activated EGFR recruits a number of downstream signaling molecules, leading to activation of major pro-survival signaling pathways such as Ras-Raf-MEK, PI3k/Akt, and JAK2/STAT3 which play key role in cell proliferation, survival, angiogenesis, anti-apoptosis, migration, adhesion, and metastasis [@B93], [@B94].

Icariside II has been investigated for its inhibitory effects on EGFR signaling in A431 human epidermoid carcinoma cells and in MG-63 and Saos-2 human osteosarcoma cells. Icariside II has demonstrated an inhibitory effect on EGFR expression and its downstream signaling molecules in all three cell lines which are discussed in detail in PI3K/AKT /mTOR and MAPK/ERK pathways [@B35], [@B42].

4.1. STAT3 Pathway {#Section4.1}
------------------

Signal transducer and activator of transcription 3 (STAT3) is a cytoplasmic transcription factor which has been implicated in many cellular processes such as development, differentiation, immune function, proliferation, survival and epithelial to mesenchymal transition (EMT) [@B95]. STAT3 is activated by phosphorylation at tyrosine 705 (Y705) or serine 727 (S727) [@B96], [@B97]. STAT3 can be activated by growth factor receptors, cytokine receptors; Janus activated kinases (JAK), Abl family kinases, and Src family kinases as shown in Figure [3](#F3){ref-type="fig"} [@B98], [@B99]. STAT3 is constitutively expressed in a wide range of tumors [@B100]-[@B102]. Accumulating evidence strongly implicates the critical role of constitutive activation of STAT3 in malignant transformation, tumorigenesis, and resistance to chemotherapy [@B103], [@B104]. These cumulative findings have validated STAT3 as a novel target for cancer therapy and hence provided the rational for exploring small molecule STAT3 inhibitors for anticancer drug development. As STAT3 is activated through different signaling pathways, identification of small molecules that can inhibit STAT3 activation by modulating more than one target might have a potential therapeutic scope.

Recently Icariside II has been extensively investigated for its inhibitory effects on STAT3 expression in various cancer cell lines [@B37], [@B40], [@B42], [@B44], [@B45]. Icariside II has been shown to inhibit STAT3 activation through different mechanisms. In A375 human melanoma cells, Icariside II decreased the phosphorylation of STAT3 and reduced the expression of its downstream target survivin in a dose-dependent manner. Further *in vivo* study indicated that Icariside II effectively reduced the tumor volume at a dose of 50 mg/kg in two different mouse models bearing A375 and B16 cells [@B40]. Wu et al., [@B42] recently showed that Icariside II inhibited the constitutive and EGF-induced activation of STAT3 in A431 human epidermoid carcinoma cells. In U266 multiple myeloma cells and U937 acute myeloid leukemia cells, Icariside II has been shown to inactivate STAT3 signaling pathway through dephosphorylation of JAK2 and Src and induction of protein tyrosine phosphatase SHP-1 in a dose- and time-dependent manner. Sodium pervanadate, a broad-spectrum tyrosine phosphatases inhibitor attenuated the Icariside II -induced STAT3 inactivation and cleavage of caspase-3 and PARP in U266 and U937 cells. Since SHP-1 is a known upstream protein tyrosine phosphatase for JAK2 and JAK2 and Src are STAT3 upstream kinases; it can therefore be concluded that Icariside II -mediated STAT3 inhibition and induction of apoptosis is associated with induction of SHP-1 by Icariside II. Icariside II also suppressed the expression of various downstream effectors of STAT3 including cyclin D1, Bcl-2, Bcl-xL, survivin, VEGF and COX-2 in these cell lines [@B37], [@B44]. The effect of Icariside II on inhibition of STAT3 activation was further validated using MDA-MB-231 breast adenocarcinoma and DU145 prostate carcinoma cells in which STAT3 is constitutively expressed [@B37]. These effects of Icariside II on inhibition of STAT3 activation through various kinases and tyrosine phosphatases has been shown in Figure [3](#F3){ref-type="fig"}.

4.2. PI3K/AKT /mTOR Pathway {#Section4.2}
---------------------------

Phosphatidylinositol-3-Kinase/protein kinase B (PI3K/AKT) signaling promotes cell growth and survival by several ways [@B105]. AKT is activated via phosphorylation of two residues; threonine 308 (Thr 308) and serine 473 (Ser473) [@B106].After activation, AKT is translocated into nucleus [@B107], [@B108] where it affects the activity of several transcriptional regulators such as E2 transcription factor (E2F) and nuclear factor КB (NF-КB) leading to increased transcription of anti-apoptotic and pro-survival genes [@B90]. Aside from transcription factor, it has been reported to regulate a number of other molecules such as Bcl-2-associated death promoter (BAD) and Bax, and glycogen synthase kinase-β (GSK-3β) to affect the survival state of cell. GSK-3β regulates β-catenin protein stability [@B105], [@B107], [@B109]. Thus PI3k/AKT pathway is connected to wnt/β-catenin pathway as shown in Figure [3](#F3){ref-type="fig"}. Mammalian target of rapamycin (mTOR) is also phosphorylated by PI3k/AKT signaling, the overexpression of which has been associated with poor prognosis [@B107]. Figure [3](#F3){ref-type="fig"} shows the activation and inhibition of major signaling molecules of this pathway via phosphorylation.

PI3k/AKT pathway is frequently overexpressed in a wide variety of human cancers via several different mechanisms [@B111]-[@B114]. The most common genetic alteration in PI3k/AKT signaling is inactivation of phosphatase and tensin homologue (PTEN) protein [@B105], [@B107]. Thus PTEN is an enciting therapeutic target for activation to regulate the PI3k/AKT signaling in cancer [@B115], [@B116].

Recently Icariside II has been found to have a dramatic effects on several components of PI3k/AKT signaling pathway. In U266 multiple myeloma cells, it has been reported to induce the expression of PTEN [@B37]. Other researchers found that in MG-63 and Saos-2 osteosarcoma cells, Icariside II inhibited the growth of cells by reducing the phosphorylation (Inhibition) of PI3K, PI3K-dependent kinase-1 (PDK-1), AKT, proline-rich Akt substrate of 40-kDa (PRAS-40), and mTOR. Icariside II also activated GSK-3β by dephosphorylation at Serine 9 (Ser9). [@B35]. As GSK-3β is inactivated by phosphorylation at Ser9 by p-AKT, activation of GSK-3β (dephosphorylation) in MG-63 and Saos-2 osteosarcoma cells appears to be mediated through inhibitory effect of Icariside II on AKT.

These results were further validated by animal mouse model study. Icariside II significantly reduced the tumor volume in mice bearing osteosarcoma sarcoma-180 cells at a dose of 20 and 30 mg/kg. The expression of phosphorylated PI3K, PDK-1, AKT, PRAS-40, and mTOR in tumor tissues was comparable to *in vitro* cells study results.

4.3. MAPK/ERK (Ras-Raf-MEK-ERK) Pathway {#Section4.3}
---------------------------------------

The mitogen-activated protein kinase (MAPK/ERK) pathway (also known as Ras-Raf-MEK-ERK pathway) comprises several key signaling cascades (Figure [3](#F3){ref-type="fig"}) of which Ras-Raf-Mek-extracellular signal-regulated kinase-1 and 2 (ERK1/2) is one of the most dysregulated in human cancers [@B117]. This pathway regulates multiple key cellular functions including cell growth, proliferation, differentiation, apoptosis, migration and senescence [@B90], [@B117], [@B118]. The signaling molecules of this pathway are activated via phosphorylation as shown in Figure [3](#F3){ref-type="fig"}. Once activated, ERK can translocate to nucleus where it phsophorylate additional transcription factors that bind promoters of several genes including growth factor and cytokine genes which play important role in promoting cell proliferation and inhibiting apoptosis in several cells [@B90],[@B119]. Abnormal signaling of this pathway leads to tumorigenesis, senescence, and drug resistance [@B118], [@B120], [@B121]. Abnormal signaling of this pathway has frequently been detected in a wide variety of human tumors [@B122], [@B123]. Hence, targeting the MAPK/ERK pathway may provide a useful strategy in cancer therapy.

Icariside II has been reported to inhibit growth both *in vitro* and *in vivo* and suppressed the activation of ERK in A375 melanoma cells in a dose- and time-dependent manner [@B40]. A dose-dependent suppression of ERK activation by Icariside II has also been investigated in A431 human epidermoid human carcinoma cells. The suppression of ERK activation in A431 by Icariside II appears to result from inhibition of EGFR signaling by Icariside II. Treatment of cells with AG1478 (EGFR inhibitor) reduced the expression of phosphorylated ERK in a similar fashion. Therefore, growth inhibitory effect of Icariside II seems to be associated in part with regulation of apoptosis through inhibiting EGFR-induced activation of MAPK pathway [@B42]. In MG-63 and Saos-2 osteosarcoma cells, it has been reported to induce apoptosis and inhibit both the constitutive as well as EGF-induced activation of Raf, MEK and ERK in a dose-dependent manner. In animal mouse model study, it reduced the expression of Ki-67 (cells proliferation marker) and the tumor size and inhibited the expression of Raf, MEK and ERK in tumor tissues in a dose-dependent manner [@B35]. This set of data from various studies show that Icariside II is a potent inhibitor of EGFR-induced activation of signaling pathways.

4.4. Wnt/β-Catenin Pathway {#Section4.4}
--------------------------

Wnt/β-catenin signaling has been implicated in several important cellular mechanisms including cell proliferation, polarity and cell death during embryonic development and in tissue homeostasis in adult [@B124], [@B125]. Aberrant signaling of Wnt/β-catenin pathway can lead to a variety of human diseases ranging from birth defects to cancer [@B125], [@B126]. β-catenin is a key component of this pathway. Perturbations of β-catenin signaling are associated with many cancers, including hepatocellular carcinoma, colorectal carcinoma, lung cancer, malignant breast tumors, ovarian cancer, endometrial cancer and esophageal cancer [@B124], [@B127]-[@B129]. The cellular level of β-catenin is tightly regulated by a multiple destruction complex consisting of Adenomatous polyposis coli (APC), axin, and glycogen synthase kinase-3β (GSK-3β). In the absence of Wnt signaling, β-catenin is phosphorylated by GSK-3β; the phosphorylated β-catenin is recognized and destroyed by proteasomal degradation [@B130]-[@B132]. In the presence of Wnt signaling, β-catenin (non-phosphorylated) is translocated from cytoplasm into nucleus where it induces the expression of downstream target genes such as cyclin D1, c-Myc and survivin and thus promotes survival and tumorigenesis [@B132]-[@B134].

Several reports indicate that esophageal squamous cell carcinoma (ESCC) has abnormal nuclear accumulation of β-catenin accompanied with increased cyclin D1 expression [@B135]. β-catenin mRNA expression has appeared a new prognostic marker for ESCC [@B136]. Overexpression of β-catenin and its target proteins is commonly observed in human Eca109 tumor xenografts. Wang et al. [@B43] investigated the effect of Icariside II in esophageal squamous cell carcinoma using *in vitro* cell study and animal mouse model. Icariside II has been found to inhibit the growth of Eca109 cells *in vitro* as well as *in vivo*. These effects were associated with decreased expression of β-catenin and its downstream target genes cyclin D1 and survivin both at mRNA and protein levels. The suppressive activity of Icariside II on the expression of β-catenin and its downstream target protein was also verified in tumor xenografts. As shown in Figure [3](#F3){ref-type="fig"}, GSK-3β is the direct target of AKT. Activation of AKT leads to phosphorylation and thus inactivation of GSK-3β. Inhibition of AKT activation results in activation of GSK-3β, which then triggered phosphorylation-mediated degradation of β-catenin. Therefore, the inhibitory effect of Icariside II on AKT may at least partially responsible for observed decreased expression of β-catenin and its downstream target genes cyclin D1 and survivin in Eca109 cancer cells.

4.5. Hypoxia-inducible Factor-1α (HIF-1α) {#Section4.5}
-----------------------------------------

HIF-1 is a heterodimer transcription factor that consists of a constitutively expressed HIF-1β subunit and a HIF-1α subunit, the expression of which is highly regulated [@B137], [@B138]. Hypoxia is a characteristic feature of malignant tumors which has been associated with treatment failure, invasion, metastasis and patient mortality. The principal mechanism by which cancer cells achieve hypoxic microenvironment is through the activity of HIF-1 [@B139]-[@B141]. The transcription factor HIF-1 regulates the expression of hundreds of genes in response to hypoxia which are involved in several aspects of cancer progression including proliferation, angiogenesis, invasion, metastasis, apoptosis, erythropoiesis, and glucose metabolism [@B142], [@B143]. Among these genes, the most important are VEGF, which encodes vascular endothelial growth factor, a key regulator of angiogenesis [@B90], [@B137]; MCT4 (Monocarboxylate transporter 4) [@B144], GLUT1 (glucose transporter 1), HK1 and HK2 (Hexokinase1 & 2) which play important role in glucose metabolism [@B137]; ADM (adrenomedullin) and MMP2 (matrix metalloproteinase 2) which are key regulators of invasion and metastasis [@B137].

As HIF-1 has been documented to regulate the expression of a wide range of essential genes associated with tumorigenesis and cancer progression, the inhibition of HIF-1 may be a useful strategy in the treatment of cancer. Icariside II has been studied to evaluate its effects on HIF-1 expression and its target genes by Choi et al [@B34]. The findings demonstrated that Icariside II decreased the protein expression of HIF-1α without affecting mRNA expression and decreased transcriptional activity of its target genes in human HOS osteosarcoma cells. The inhibitory effect of Icariside II on HIF-1α protein level appears to come from post-translational modifications. The post-translational modifications that regulate the activity and stability of HIF-1α include hydroxylation, ubiquitination, acetylation and phosphorylation [@B34]. Icariside II increased the activity of Prolyl 4-hydroxylase-2 (PHD2) and enhanced the binding of von-Hippel Lindau (VHL) to HIF-1α in HOS cells [@B34]. In the presence of molecular oxygen, PHDs induces proline hydroxylation of HIF-1α which facilitates its interaction with VHL resulting in ubiquitination and subsequent proteasomal degradation of HIF-1α [@B145]. On the basis of available data, it can be concluded that Icariside II decreased the protein level of HIF-1α through an anti-oxidant mechanism.

Among the target genes, it inhibited the expression of VEGF, and tube formation in HUVECs, confirming its inhibitory effect on angiogenesis. It also inhibited the mRNA expressions of several genes involved in cancer invasion such as Urokinase-type plasminogen activator receptor (uPAR), ADM and MMP2. Moreover, Icariside II has significantly inhibited the mRNA expression of MCT4 which mediates lactic acid efflux in glycolysis for energy production and the expression of other glycolytic enzymes such as aldolase A and enolase 1.

4.6. The COX-2/PGE~2~ pathway {#Section4.6}
-----------------------------

Extensive research reports indicate that cyclooxygenase-2 (COX-2) over-expresses in a series of human cancers including colorectal, gastric, pancreatic, lung, breast, prostate and head and neck cancers [@B146]-[@B148]. Elevated expression of COX-2 is an early event during carcinogenesis, and is mostly associated with poor prognosis [@B146]. COX-2 is closely associated with inflammation and cancer progression. A large number of research reports indicated that anti-inflammatory drugs exert anticancer activity via COX-2 inhibition [@B149], [@B150].

It is widely accepted now that deregulation of COX-2 expression leads to an increased abundance of its enzymatic product prostaglandin E2 (PGE2), the most abundant prostaglandin in human body [@B151]. Tumor development by COX-2 is believed to be mediated by PGE2 which stimulates proliferation, invasion, angiogenesis and migration [@B152].

Icariside II has been shown to exhibit anti-inflammatory and anti-tumor activities. COX-2 is constitutively expressed in PC-3 prostate cancer cells [@B36]. Icariside II was investigated for its effects on various cancer cell lines expressing COX-2 including PC-3 and LNCaP prostate cancer, H596 adenocarcinoma, U937 leukemia, and U266 and MM1.S myeloma cells. PC-3 cells appeared to be more sensitive towards Icariside II -induced cytotoxicity as PC-3 cells express higher level of constitutive COX-2 compared to other cell lines. The findings demonstrate that cytotoxic effect of Icariside II is more specific. Further investigation showed that Icariside II induced apoptosis in PC-3 cells by inhibiting the protein expression of COX-2, its enzymatic product PGE2, and other inflammation related proteins such as inducible nitric oxide synthase (iNOS), and VEGF which led to mitochondrial dysfunction, cytochrome c release, activation of caspase-8, -9, and -3 and cleavage of PARP in PC-3 cells. Addition of exogenous PGE~2~ attenuated Icariside II -mediated PARP cleavage while COX-2 siRNA transfection augmented Icariside II -mediated PARP cleavage. Taken together, Icariside II induced mitochondrial apoptosis in PC-3 cells by inhibiting COX-2/PGE~2~ pathway [@B36].

5. Icariside II As an Adjuvant Therapy {#Section5}
======================================

While extensive studies of Icariside II as single agent in treatment of a wide variety of human cancers has demonstrated promising results; there is a growing interest in potentially using this compound as an adjuvant agent in combination with standard chemotherapeutic drugs. Paclitaxel is a widely used first line cancer chemotherapeutic drug which exhibits a considerable clinical activity in a variety of human malignancies [@B153]. A number of research reports from different laboratories indicate that paclitaxel induces the activation of EGFR and toll like receptors-4 (TLR4) signaling cascades which are functionally associated with cell survival, tumor growth and drug resistance [@B154],[@B155].

Icariside II has demonstrated an increased growth inhibitory effect in A375 human melanoma cells when used in combination with paclitaxel compared to treatment with either agent alone [@B38]. This suppressive effect of Icariside II has been shown to derive from inhibition of TLR4 and its adaptor protein Myeloid differentiation primary response gene 88 (MyD88), and ERK activity. Of note, paclitaxel alone significantly increased the expression of TLR4, MyD88 and phosphorylate ERK in A375 human melanoma cells [@B38]. Different mechanisms of paclitaxel and Icariside II provide a rational for the clinical use of subtherapeutic doses of paclitaxel in combination with Icariside II to accomplish effective suppression of tumor growth while minimizing paclitaxel resistance.

Bortezomib and thalidomide are the standard chemotherapeutic drugs which have been used to treat Multiple Meyloma patients [@B37]. Icariside II has been found to augment the efficacy of thalidomide from 20% to 50% and that of bortezomib from 25% to 60% in U266 cells. Moreover, caspase-3 activation and PARP cleavage were further increased by co-treatment of Icariside II with thalidomide and bortezomib than monotherapy in U266 cells [@B37]. Thus, Icariside II may be developed into a potential lead compound for treating multiple meyloma in combination with standard chemotherapeutic drugs.

6. Conclusion and Future Perspectives {#Section6}
=====================================

In this review, we have summarized the recent progress of Icariside II in various *in vitro*and *in vivo* cancer models. Collective data from different studies indicate that Icariside II is a potential anticancer compound. Following observations make Icariside II a unique therapeutic agent for treatment of various cancers: (I) It exhibits a broad-spectrum of toxicity toward a wide range of human cancer cells of different origins; (II) It induces apoptosis by interfering with multiple mechanisms which are considered central to cancer development and progression; (III) It can inhibit multiple signaling pathways such as STAT3, PI3k/AKT, β-catenin, COX-2/PGE2 and MAPK pathways which are frequently deregulated in human cancers and associated with drug resistance; (IV) It can be used as adjuvant agent in combination therapy with standard drugs to overcome drug resistance and improve the treatment outcome in patients with apoptosis resistant tumors; (V) It is one of the major components of *Herba epimedii* and *Cortex periplocae*which in Traditional Chinese Medicines are clinically being used for many years, therefore Icariside II may be a safe chemotherapeutic candidate for the treatment of cancer; (VI) Poor bioavailability of natural compounds is one of the major challenges in development of anticancer drugs. Icariside II is readily available from various plant species which can be easily extracted.

In light of aforementioned findings, it can be speculated that Icariside II may become a potential lead compound for future development of anticancer therapy. However, preclinical and clinical trials are yet required to elucidate the full spectrum of anticancer effects of Icariside II either alone or in synergistic combination with other standard drugs to validate the further usefulness as potent anticancer agent.

![Chemical structure and natural sources of Icariside II. Icariside II is a major metabolite of Icariin. Substitution or removal of various groups at positions 1, 2, and 3 results in different flavonol compounds as described in Natural Sources section. Icariside II is major component of Herba epimedii and Cortex periplocae. Herba epimedii (A+B+C+D+E) is made up of dried aerial parts of *Epimedium*species such as *E.brevicornum*(A), *E. pubescens*Maxim (B),*E. koreanum* Nakai (C), *E. sagittatum* Maxim (D), and *E.devidii*(E)*.*Cortex periplocae (F) is made up of dry roots of Chinese herb *Periploca sepium* Bunge (F).](ijbsv11p1100g001){#F1}

![Icariside II inhibits proliferation, invasion, angiogenesis and metastasis of different cancers through interaction with multiple molecular targets.](ijbsv11p1100g002){#F2}

![Interaction of Icariside II with apoptosis signaling pathways: Binding of Ligand such as growth factor (EGF) to the growth factor receptor (EGFR) promotes the activation of downstream pro-survival signaling pathways. These include the SRC and Janus kinase (JAK)-signal transducer and activator of transcription 3 (STAT3), PI3K/AKT, and RAS/RAF/MEK/ERK pathways. Activation of these pathways promotes survival, proliferation, invasion and metastasis. Icariside II inhibits all these three pathways at multiple levels. Activated AKT activates NF-КB and mTOR while inactivate GSK-3β via phosphorylation. Suppression of GSK-3β leads to stabilization of β-catenin which induces the expression of downstream target genes such as cyclin D1 and survivin and thus promotes survival and tumorigenesis. (![](ijbsv11p1100i001.jpg) Activation; ![](ijbsv11p1100i002.jpg) Inhibition; ![](ijbsv11p1100i003.jpg) Activation by Icariside II; ![](ijbsv11p1100i004.jpg)Inhibition by Icariside II )](ijbsv11p1100g003){#F3}

###### 

Molecular targets of Icariside II in different cancer types

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cancer type            Cell lines          Conc. range   Molecular targets                                                                                                                                              References
  ---------------------- ------------------- ------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------
  Lung cancer            A549                6.25-25 µM    Bax/bcl-2↑, ΔΨm↓, Cl- Caspase 3/9↑, Cl-PARP↑, ROS↑, p-p38↑, p-JNK↑                                                                                             [@B33]

  Osteosarcoma           HOS,MG-63, Saos-2   0.1-30 µM     HIF-1α↓, VEGF↓, uPAR↓, ADM↓, MMP2↓, MCT4↓, Aldolase A↓, Enolase-1↓, p-EGFR↓, p-PI3K↓, p-Raf↓, p-mTOR↓, p-PDK-1↓, p-AKT↓, p-PRAS40↓, p-GSK3β↓, p-MEK↓, p-ERK↓   [@B34], [@B35]

  Prostate cancer        PC-3                10-40 µM      COX-2↓ PGE2↓, VEGF↓, iNOS↓ MMP↓, Cl-Caspase-3↑, Cl-PARP↑                                                                                                       [@B36]

  Multiple meyloma       U266                25-100 µM     p-STAT3↓, p-JAK2↓, p-Src↓, PTEN↑, SHP-1↑, Bcl-2↓, Bcl-xL↓, Cyclin D1↓, COX-2↓, VEGF↓, Cl-Caspase-3↑, Cl-PARP↑,                                                 [@B37]

  Melanoma               A375, B16, SK-MEL   5-100 µM      p-STAT3↓, p-ERK↓, Survivin↓, CDK2↓, Cyclin B1↓, Cyclin E↓, p-CDK1↓, ROS↑, p-p38↑, p-p53↑, p21↑, Cl-Caspase-3↑, Cl-PARP↑, MyD88↓                                [@B38],[@B39], [@B40]

  Breast cancer          MCF-7               25-75 µM      Cl-Caspase-9,8,7,3↑,Cl-PARP↑,Bax↑, Bcl-xL↑, BimL↑, Fas↑, FasL↓, FADD↑, MMP↓ Cyto- C↑, AIF↑                                                                     [@B41]

  Epidermoid carcinoma   A431                10-100 µM     p-STAT3↓, p-ERK↓, p-AKT↑, Cl-Caspase-9↑, Cl-PARP↑,p-EGFR↓                                                                                                      [@B42]

  Esophageal carcinoma   Eca109              12-50\        Survivin↓, Cyclin D1↓, β-catanin↓                                                                                                                              [@B43]
                                             µg/ml                                                                                                                                                                        

  Acute Myeloid\         U937, HL-60         25-100 µM     p-STAT3↓, p-JAK2↓, p-Src↓, Bcl-2↓, bcl-xL↓, Survivin↓, COX-2↓, Cl-Caspase-3↑, Cl-PARP↑                                                                         [@B44],[@B45]
  Leukemia                                                                                                                                                                                                                
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

↑: Up-regulation, ↓: Down-regulation, Cl: Cleaved
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